Even though dispersion operations have been the object of several investigations, the importance of the different parameters and especially the physicochemical and sur-face properties are rarely treated. Dry particle coating can be used to create new gen-eration materials. In such processes, host particles are mechanically coated with guest particles, without using solvents and subsequent drying, to create new functionalities or to improve initial characteristics. This study examines the surface properties of talc particles modified by dry coating with hydrophobic silica particles. Two parameters have been studied: the concentration of silica particles and the dry coating processing time. Both parameters allow modifications of the work of adhesion of talc particles with water, which is a characteristic of wettability. This change of wettability can consequently influence the dispersion rate of talc in water.
Introduction
The operating parameters involved in the process of dispersing of powders in liquids have been the object of several studies, and in particular, the roles of the steps of stirring and mixing are well understood. 1, 2 However, studies of the influence of the work of adhesion, a key parameter in solidliquid interactions, on the dispersibility of powders are more rare. 3 At the same time, the determination of the surface energy of powders from contact angle measurements is the subject of a growing number of studies. [4] [5] [6] The objective here is to study the effect of the wettability of talc particles (modified by the presence of hydrophobic silica) on their dispersion in water. Talc powder has been used, because it is widely used in many industrial areas such as paper, paints, ceramics, cosmetics, and pharmaceutics; moreover, talc is in-soluble in water making it a good model material for this study.
For economic and environmental reasons, dry particle coating is a very promising method for the surface modification of industrial powders as it does not involve solvents and subsequent drying. [7] [8] [9] Powdered material with a relatively large particle size (host particles; 1-500 lm) are mechanically coated with fine particles (guest particles; 0.01-50 lm) to create new functionalities or to improve their initial characteristics. 10 The guest particles are necessarily small so that Van der Waals interactions are strong enough to obtain a stable ordered mixture, and the mechanical forces applied by the coating device makes them become firmly attached to the larger host particles. Either a discrete or a continuous coating of guest particles can be achieved depending on the operating conditions such as processing time, mechanical action, weight fraction of guest to host particles, and the physical properties of the particles used. 11 Typical applications of dry coating include the modification of flowability, wettability (hydrophobic/hydrophilic properties), solubility, dispersibility, flavor, etc. Figure 1 shows the equipment used in this study for dry particle coating.
In a previous study on the kinetics of the dispersion of talc powder in liquids, Galet et al. 3 showed that there is a relationship between the optimum stirring power and the total work of dispersion of talc. This study is extended here by examining the effects of changes in surface properties of talc powder by dry coating with silica nanoparticles. This type of silica has two useful properties. First, surface coating by nanosilica guest particles brings about only a negligible change in size of the talc host particles. Second, because of their very small size and their low refraction index, these silica particles are not detectable by the optical fiber used for the dispersion kinetics measurements (see Experimental section) and do not interfere with the measurement signal. The hydrophobicity of talc particles modified by coating with silica has been estimated from contact angles measurements of the different samples with pure water.
Materials and Methods

Powders and their characterization
Talc, [Mg 3 Si 4 O 10 (OH) 2 ], is a hydrated magnesium sheet silicate with a lamellar structure. Fine talc powders with narrow particle size distributions are generally obtained by air jet milling and turbo classification. As grinding can change the surface properties of particles, a single type of talc from the Luzenac mine in France has been used. The particle size (d 50 ¼ 7 lm) of this talc has been determined using a Malvern Mastersizer 2000 (dry dispersion in air). Its specific surface area, calculated with the BET model using a Micrometrics V R Asap 2010, is 5.2 m 2 /g. Aerosil R972 V R silica with a specific surface area of 114 m 2 /g was supplied by Degussa. Its surface is modified by dimethyldichlorosilane to make it hydrophobic. The true solid densities of talc and Aerosil R972 V R were obtained using a Micrometrics AccuPyc 1330 helium pycnometer, they are, respectively, 2.75 and 1.95 g/cm 3 .
The uncoated and coated talc particles were observed with a scanning electron microscope (SEM) to examine the surface morphology and particle shapes before and after coating. The lamellar shape of talc particles can be seen on Figure 2a, whereas Figure 2b shows highly agglomerated silica particles (agglomerate size ¼ 250 nm). The primary particle size is about 16 nm (Degussa data).
Coating process
A Cyclomix vertical high shear mixer has been successfully used to carry out coating. 7, 8, 11 The apparatus used here was supplied by Hosokawa Micron with a nominal volume capacity of 1 L. Industrial versions are available with capacities of up to 1 m 3 . The working principle of the Cyclomix differs markedly from other mixing techniques by the specific interaction between the product being mixed and vessel wall. The powders (host and guest particles) are loaded at the top of the conical mixing vessel to a filling ratio of 66%. The high rotation speed of the paddles (2240 rpm) forces the particles to the wall where the conical shape of the vessel forces the product from the lower to the upper zone of the vessel. At the top, the product flows inward and downward into the center of the vessel. This flow pattern gives fast macromixing. During the upward motion, the particles are accelerated by the paddles and intensively mixed by friction with vessel wall. At the end of the process, the totality of the powder (talc þ silica) contained in the Cyclomix is recovered and analyzed. To study the influence of silica concentration, a processing time of 10 min was used and the values of the silica concentration were in the range from 0 to 10 wt %. To study the effect of the processing time, the silica concentration was fixed at 3% and the processing times were varied from 1 to 60 min. 
Wettability measurements
The contact angles of the powders were measured by the sessile drop method (ILMS-GBX tensiometer) by deposing a small drop (five drops per sample) of 10 lL of pure water on tablets formed from powder. The tablets were made by a compression under a load of 30 kN using an Instron V R press. The shape of the drops was observed and used to determine the contact angles. These contact angles values, h, and the surface tension of the water (c LV ¼ 72.8 mJ/m 2 ) were used to calculate the work of adhesion, W a , of the samples using Eq. 1:
Dispersion kinetics
Measurements of dispersion kinetics of uncoated and coated talc particles in water were performed using a three baffled stainless steel reactor (10.5 cm diameter) with a 3.5 cm diameter dispersion stirrer (deflocculating). The weight percentage of particles added in the water is 0.5%. An optical fiber sensor was used to measure the dispersion rate of particles in water. This noncommercial device was developed at Polytech'Marseille for the determination of particle concentrations in suspension by measuring light backscattering by the particles (see Bergougnoux et al. 12 for more information). The optical fiber sensor comprises a bundle of seven fibers. The central fiber carries light into the liquid from an external LED source and the six other fibers are used to detect the backscattered light (see Figure 3 ). The sample volume analyzed by the sensor is from 5 to 10 mL depending on the suspension concentration. The sensor is used in conjunction with a signal conditioner and a PC with Labview V R data acquisition software (see Figure 4 ). The light intensity, collected by the crown of receiving fibers, is a function of the volume fraction of the dispersion and the scattering properties of particles (size, shape, and refraction index). For a given concentration of particles, the signal decreases when the particles' size increases. 13 Preliminary studies 13 show that the position of the sensor in the reactor has no influence on the relative dispersion kinetics. In our experiments, the sensor was located in the side wall at 2 cm from the bottom of the reactor. The linearity of sensor response to changes in solids' concentration has been validated in separate experiments and the sensor calibrated to determine the response to a given concentration of powder. The maximum response when the powder is fully dispersed is used to normalize the results of each experiment to give fractional dispersion values. At the end of an experiment, to ensure that the signal obtained corresponds to total dispersion, the stirring speed is increased to the maximum to disperse all the particles. This maximum response is referred to as R1. The sensor response to the dispersion of the powder in a liquid is merely an arbitrary voltage R. The signal can be calibrated to give the true concentration of dispersed particles if the dispersion profile has to be developed. For a constant particle size, the extent of dispersion, X(t), is defined as in Eq. 2.
The stirring speed was 1500 rpm and according to Eq. 3, the corresponding stirring power in the liquid is 1000 W/m 3 .
where P ¼ power dissipated (W/m 3 ), N p ¼ power number given by the stirrer supplier (1.06), q ¼ liquid density (1000 kg/m 3 ), N ¼ stirring speed (25 s À1 ), and d ¼ stirrer diameter (35.10 À3 m).
Results and Discussion
Surface morphology
Effect of the Silica Concentration. The SEM photos (see Figure 5 ) show a discrete and uniform coating in which all the silica particles play a part. During the observations, no single or agglomerated free silica particles were observed on the support. The increase of the silica concentration on the talc surface appears clearly in these pictures. Some parts of the talc surface remain free for all the samples, except for the 10% concentration for which almost all the surface is covered by silica.
Even if the talc particles are not spherical, this percentage can be compared with the calculation of 100% surface coverage of the host particles with a monolayer of guest particles. 10 For this, we assume that all guest particles are of the same size, both host and guest particles are spherical, and that the host and guest particles do not deform during the coating process. Based on these assumptions, the weight of silica particles (Si wt % ) for 100% coverage is:
From Eq. 4, the weight percentage to coat talc particles (D ¼ 7 lm) with nanosilica particles (d agglomerates ¼ 0.250 lm) is 9.8%, which is in agreement with the SEM observations.
Effect of the Coating Time. The SEM photos for different treatment times (see Figure 6 ) also show a discrete and uniform coating. As indicated above, at the end of the coating operation, the totality of the powder (talc þ Silica) contained in the Cyclomix is recovered and analyzed, so no significant differences should be observed on SEM pictures. However, the coating at very short times (1 and 2 min) seems to be different from that at longer times. In fact, from 5 min (see Figures 6c, d) , silica particles seem to agglomerate, whereas for 1 and 2 min (see Figures 6a, b) , silica particles are more individualized and cover a bigger surface of the talc particles.
These results are better observed on the SEM pictures of the powder tablets (see Figure 7 ). When the two extreme times (1 and 60 min) are compared, the silica concentration seems to be higher for a processing time of 1 min; whereas, the initial silica concentration in the two samples is the same. These results could be explained by two phenomena: first, the agglomeration of the silica particles and second, the insertion of silica particles in the interstices in the talc particles.
Wettability measurements
The values of contact angles and work of adhesion as a function of the silica concentration are reported in Table 1 and the corresponding graph is plotted in Figure 8 .
The contact angle starts to vary as from 1% silica concentration. It increases from 53 for 1% silica to 140 for 100% silica. In the same way, the work of adhesion, characterizing the affinity between the particles and the liquid (water), decreases from 116 to 16 mJ/m 2 with increase of silica concentration. This confirms the increase of the hydrophobicity of the composite particles caused by the presence of hydrophobic silica.
Concerning the effect of the time of coating, Table 2 and Figure 9 show that the contact angle decreases, and, thus, the work of adhesion increases when the time of coating increases. From a coating time of 1 min to that of 2 min, the work of adhesion increases from 43 to 55 mJ/m 2 . Then, for a time of 5 and 10 min, the work of adhesion is about 90 mJ/m 2 and finally seems to reach a plateau at about 110 mJ/m 2 for the times [10 min. These results are in agreement with the SEM observations, in particular with the agglomeration of the silica particles between the short coating times of 1 and 2 min and the other times. In fact, this agglomeration brings about a decrease in the surface of the hydrophobic silica in contact with the water and thus an increase of the work of adhesion of the composite particles with the water.
Dispersion kinetics
Effect of the Silica Concentration. Figure 10 shows the dispersion kinetics of the uncoated talc and the talc particles coated with different silica concentrations.
The presence of silica is seen to modify the dispersion kinetics of talc: the higher the silica concentration, the lower is the rate of dispersion. For the 0.5% silica concentration, the dispersion remains unchanged with respect to that shown by pure talc and complete dispersion is obtained at the same time as with the uncoated particles (about 1200 s). When the silica concentration is increased from 1 to 10%, the work of adhesion decreases from 116.3 to 22.8 mJ/m 2 and the dispersion rate, characterized by the slope at the origin (S) of the dispersion kinetics (see Figure 8 ), decreases from 2.48 to 0.21 m/s (see Table 3 ).
For silica concentrations higher than 5%, the general aspect of the dispersion kinetics is changed, and for the 10% concentration, a threshold value seems to have been reached at which the stirring power used is no longer sufficient to obtain a complete dispersion. For this silica concentration, a plateau is reached at about 80% dispersion (20% of the powder remains at the surface of the water) at between 5000 and 7000 s (not shown in this figure) , and the stirring power has to be increased to obtain a total dispersion.
Up to values of 4% silica concentration, the experimental curves can be fitted (Figures 11 and 12 ) by a two parameter exponential model given in Eq. 6 and presented elsewhere. 3, 14, 15 In this model, k (m/s) characterizes the dispersion rate and A corresponds to the final stage of the dispersion. The value of A approaches 1 when all the particles are dispersed in the liquid (see Tables 3 and 4) .
For silica concentrations from 0 to 4%, the decrease in the work of adhesion leads to a decrease in the rate of wetting (and also the rate dispersion) even though wetting is not considered as a ''limiting step'' at the stirring speed used here. For silica concentrations greater than 4%, the shape of the dispersion kinetics changes, particularly over the first thousand seconds (for example between 0 and 1000 s for the 10% concentrations in Figure 10 ). One of the future objectives will be to develop another model to fit such kinetics, including a parameter characteristic of this limiting wetting step.
Effect of the Coating Time. Figure 13 shows the dispersion kinetics of the talc particles coated with 3% silica at different times of coating.
The time of coating modifies the dispersion kinetics of talc: the longer the time of coating, the higher is the rate of dispersion (S). In Table 4 , a large increase in S can be observed between 1 and 2 min of coating and also between 2 and 5 min. However, for 5 and 10 min on one hand and for 30 and 45 min on the other hand, the dispersion curves are rather closer. Finally, for coating produced by the 60 min processing time, we note a new strong increase of the rate of dispersion. Obviously, the time for total dispersion decreases as a function of coating time, however, all the dispersions are total at the stirring power used (1000 W/m 3 ) and we do not have to increase it. As shown above for the influence of the silica concentration, the curves can be fitted with the exponential model (see Figure 14 ).
To summarize the results, the rate of dispersion (S) of composite particles can be plotted as a function of the work of adhesion modified either by the silica concentration or by the processing time (see Figure 15 ). Figure 15 shows that, in the range of work of adhesion from 80 to 120 mJ/m 2 , a small variation of the work of adhesion leads to a strong change of the rate of dispersion S. For instance, in both cases (effect of silica concentration and effect of processing time), when the work of adhesion of the powder increases by 20 mJ/m 2 (from 90 to 110 mJ/m 2 ), it leads to an increase of the rate of dispersion of around 1 m/s (from 1.3 to 2.3 m/s). In the range from 20 to 90 mJ/m 2 , greater modifications of the work of adhesion are required to have a significant modification of the rate of dispersion. These observations can be highlighted more simply in the case where the work of adhesion is modified by changing the silica concentration. Increasing the silica concentration from 0 to 5% leads to a strong decrease of the work of adhesion (from 116.3 to 55.3 mJ/m 2 ), which is accompanied by a strong decrease in the rate of dispersion from 2.48 to 0.46 m/s. The same increase of 5% in the silica coating (from 5 to 10%) leads to a smaller decrease of the work of adhesion from 55.3 to 22.8 mJ/m 2 and a smaller decrease in the rate of dispersion (from 0.46 to 0.21 m/s). Thus, the initial modification of the surface of talc, characterized by small additions of coating silica (0.5-4%), has a strong influence on the rate of dispersion, whereas the influence of larger quantities of silica (5-10%) on S is less.
Be that as it may, whatever the method used to modify the work of adhesion between the talc particles and the water, this work of adhesion calculated from the contact angle measurements seems to give a good characterization of the rate of dispersion of talc particles in water.
Conclusions and Perspectives
This study indicates that it is possible to change the dispersion properties of talc particles by coating them with hydrophobic silica (Aerosil R972 V R ) using a Cyclomix as dry coating device. This results in a discrete coating of silica on the surface of talc particles and makes talc more hydrophobic, as confirmed by measurements of the work of adhesion performed by the sessile drop method on powder tablets. The modification of the work of adhesion can be directly linked to the slope at the origin S of the dispersion kinetics of the powder in water, which is a characteristic of the rate of dispersion. When the work of adhesion decreases, the rate of dispersion decreases and this effect is more important for the higher values of work of adhesion (between 90 and 120 mJ/m 2 ), where a small decrease can lead to a strong decrease of the rate of dispersion. Two methods have been used to modify the work of adhesion, either changing the silica concentration or changing the processing time for coating. In the first case, as would be expected the work of adhesion decreases when the concentration of hydrophobic silica increases. When the processing time is increased, the work of adhesion also increases. SEM photos bring a first indication as to the effect of the time of coating. For the shorter times (1 and 2 min), the silica particles seem to cover a bigger part of the talc surface and for the processing times [2 min, the silica particles seem to agglomerate and may insert into the interstices of the talc sheets. Thus, by increasing the processing time, the surface of hydrophobic silica at the interface powder/water becomes less and the work of adhesion increases.
This study represents a new approach for the use of physical chemistry, in particular, the work of adhesion, for processing and formulation of powder products. In the future, we will try to find other ways to modify the work of adhesion between talc and liquid, by modifying the talc surface and/or the surface tension of the liquid, to confirm its influence on the rate of dispersion. Figure 13 . Dispersion kinetics of talc coated at different processing times. Figure 15 . Slope at the origin (S) as a function of the work of adhesion of talc particles.
